Hevea brasiliensis is a key commercial source of natural rubber (cis 1,4-polyisoprene). In H. brasiliensis, rubber transferase is responsible for cis-1,4-polymerization of isoprene units from isopentenyl diphosphate and thus affects the yield of rubber. Little is known about the regulatory mechanisms of the rubber transferase gene at a molecular level. In this study we show that the 5´UTR intron of the promoter of the rubber transferase gene (HRT2) suppresses the expression of HRT2. A H. brasiliensis RING zinc finger protein (designated as HbRZFP1) was able to interact specifically with the HRT2 promoter to down-regulate its transcription in vivo. A 14-3-3 protein (named as HbGF14a) was identified as interacting with HbRZFP1, both in yeast and in planta. Transient co-expression of HbGF14a and HbRZFP1-encoding cDNAs resulted in HbRZFP1-mediated HRT2 transcription inhibition being relieved. HbGF14a repressed the protein-DNA binding of HbRZFP1 with the HRT2 promoter in yeast. We propose a regulatory mechanism by which the binding of HbGF14a to HbRZFP1 interferes with the interaction of HbRZFP1 with the HRT2 promoter, thereby repressing the protein-DNA binding between them. This study provides new insights into the role of HbGF14a in mediating expression of the rubber transferase gene in Hevea brasiliensis.
Introduction
The rubber tree (Hevea brasiliensis) is a key commercial source of natural rubber (NR), cis 1,4-polyisoprene (Backhaus 1985) . Laticifers in the rubber tree are the sole site for NR biosynthesis and storage (d'Auzac et al., 1995; Puskas et al., 2006) . NR biosynthesis takes place on the surface of the rubber particle (a special type of organelle) in the cytoplasm (latex) of the laticifers (d'Auzac et al., 1995) .
NR is mainly synthesized through the mevalonic acid pathway with isopentenyl pyrophosphate (IPP) as the buildingblock and substrate (Archer and Audley, 1987; Sando et al., 2008) .
A second substrate, an allylic diphosphate, is needed to initiate the subsequent extensive prenyl chain elongation process for the formation of rubber macromolecules (Madhavan et al., 1989; Cornish and Backhaus, 1990) . Synthesis of the allylic prenyl diphosphates are catalysed by trans-prenyl transferase enzymes (Koyama et al., 1996; Tangpakdee et al., 1997) . The enzyme responsible for cis-1,4-polymerization of isoprene units from IPP onto the allylic primer has been identified as a rubber particle-bound rubber transferase (RTase) (Light and Dennis, 1989; Cornish and Backhaus, 1990) . RTase utilizes pyrophosphates to initiate rubber-molecule synthesis, as well as IPP to form the polymer, and it is thus a key enzyme in rubber biosynthesis (Cornish, 1993; d'Auzac et al., 1997) . The activities of particle-bound RTase have been demonstrated in the rubber tree and have been found to correlate positively with the NR productivity of different varieties (Cornish, 1993; Chen et al., 1994 Chen et al., , 1996 Tangpakdee et al., 1997) . RTase is believed to be a member of the cis-prenyltransferase (cPT) family; however, no recombinant cPTs have shown RTase activity independently (Yamashita et al., 2016) . In Taraxacum brevicorniculatum, RNA interference-mediated knock-down of cPTs expressed in the latex has been shown to decrease latex rubber content, suggesting the involvement of cPT in natural rubber formation (Post et al., 2012) . In H. brasiliensis, two genes encoding RTase, designated as HRT1 and HRT2, have been isolated, and are predominantly expressed in latex (Asawatreratanakul et al., 2003) . HRT1 and HRT2 exhibit distinct RTase activity in vitro when introduced onto detergent-washed rubber particles in a cell-free translation-coupled system (Asawatreratanakul et al., 2003; Yamashita et al., 2016) . Recombinant proteins of HRT1 and HRT2 expressed in yeast and Arabidopsis were shown to have distinct cPT activity (Takahashi et al., 2012) . However, little is known about the regulatory mechanisms of genes encoding RTase at the molecular level in rubber trees.
In the present study, we identify a RING zinc finger protein transcription factor (designated as HbRZFP1) that binds to the HRT2 promoter and negatively regulates HRT2 expression. We demonstrate that binding of a 14-3-3 protein to HbRZFP1 relieves the HbRZFP1-mediated inhibition of HRT2 transcription.
Materials and methods

Plant material
Rubber trees (Hevea brasiliensis Muell. Arg., cultivar Reyan 7-33-97) were planted at the experimental plantation of the Chinese Academy of Tropical Agricultural Sciences (Danzhou, Hainan, China). For latex RNA extraction, latex was dropped directly into liquid nitrogen. Rubber tree roots, flowers, leaves, and bark were washed with double-distilled H 2 O and then immediately frozen in liquid nitrogen. Seeds of tobacco (Nicotiana benthamiana) were grown in pots under 16-h light/8-h dark at 26/21 °C with 70-80% relative humidity.
DNA and RNA extraction
Rubber tree genomic DNA was extracted from the leaves using the CTAB method (Allen et al., 2006) . Latex total RNA was isolated according to the method of Tang et al. (2007) , and total RNA of other tissues was extracted as described previously (Tang et al., 2010) .
Construction of HRT2 promoter-report gene fusions
For construction of HRT2 promoter-luciferase (LUC) fusion genes, a series of the HRT2 promoter at different lengths were amplified by PCR (primers are listed in Supplementary Table S1 at JXB online). The PCR products were cloned into the pGreenII 0800-LUC vector, and all of the structures were sequenced and verified using digest reactions.
Agrobacterium-mediated transient expression assays
The dual-luciferase (LUC) assay was performed according to Hellens et al. (2005) . In brief, Agrobacterium tumefaciens strain GV3101 harboring the HRT2 promoter constructs were used for infiltration into tobacco leaves. After culturing for 3 d, total protein was extracted from the infected area. The fluorescent values of LUC and the reference Renilla (REN) luciferase were detected using the Dual-Luciferase Reporter Assay System (Promega) following the manufacturer's manual. Three biological repeats were measured. Data were analysed by one-way ANOVA (SAS6.11). Differences were accepted as significant at P≤0.05.
Yeast one-hybrid assays
Yeast one-hybrid (Y1H) assays were performed using the Matchmaker Gold Y1H System (Clontech) according to the manufacturer's protocol. In brief, synthesis of latex cDNAs was performed using a cDNA Synthesis Kit (Fermentas) according to the manufacturer's instructions and the bait vector (termed as pHIS-HRT2) was constructed by cloning the HRT2 promoter into the pHIS2.1 vector (Clontech) at the sites of EcoR I/Sac I. Then the latex cDNAs, the Sma I-linearized pGADT7-Rec prey vector, and pHIS-HRT2 were introduced into the yeast strain Y187 (Clontech). The transformed yeast cells were grown on synthetically defined (SD) medium lacking leucine (SD/-Leu) and containing 70 mM 3-AT (3-amino-1,2,4-triazole) at 30°C for 3 d. The positive colonies were further analysed by colony PCR and sequence analysis.
To confirm the binding specificity of HbRZFP1 with the HRT2 promoter, cDNAs encoding HbRZFP1, mutated HbRZFP1 (H1-H3), and T137A (with Ter-137 changed to Ala) were amplified by PCR from latex cDNA and were ligated into the pGADT7-Rec2 vector, generating different prey vectors. pHIS-HRT2 and the prey vectors were co-transformed into the Y187 yeast strain. p53HIS2, pGAD-Rec2-53, p53HIS2, and pHIS-HRT2 were used as controls. Transformed yeast cells were cultured on SD/-His-Leu medium and triple-dropout (TDO) medium (SD/-His-Leu-Trp) containing 70 mM 3-AT for 3 d at 30 °C.
Targeted yeast two-hybrid assays
For yeast two-hybrid (Y2H) assays, the latex total RNA was used to purify mRNA with a poly A + RNA kit (Clontech) according to the manufacturers' instructions. The first-strand cDNAs were synthesized by reverse transcription of mRNA using the SMART oligo-dT technique, and longdistance (LD)-PCR was performed to synthesize double-strand cDNAs. Purified double-strand cDNAs and lineared pGADT7-Rec were co-transformed into Y187 yeast to construct a cDNA library. Full-length HbRZFP1 cDNA was introduced into pGBKT7 as bait. More than 1 × 10 7 clones were screened and the positive ones were sequenced and analysed.
To further confirm the interaction between HbRZFP1 and the 14-3-3 protein that was obtained (named as HbGF14a), cDNA encoding mutated HbGF14a (M1-M5), HbRZFP1, and T137A were amplified by PCR (for primers see Supplementary Table S1 ) and verified by sequencing. Plasmids containing cDNA encoding mutated HbGF14a were introduced into pGADT7 as prey vectors. Plasmids containing cDNA encoding HbRZFP1 and T137A were introduced into pGBKT7 vectors to create different bait vectors. The bait and prey vectors were cotransformed into yeast Y2HGold strain and were grown on double-dropout (DDO) medium (SD/-Leu/-Trp) and quadruple-dropout (QDO) medium (SD/-Leu/-Trp/-His/-Ade). For the α-galactosidase assay, the co-transformed yeast colony was grown in liquid culture and an assay was performed according to the Yeast Protocols Handbook (Clontech Laboratories, Inc.).
To determine the effects of HbGF14a on the protein-DNA binding of HbRZFP1 with the HRT2 promoter, the HbGF14a cDNA was inserted into the pYES2 vector at the site of BamH I/Xba I, under the control of the GAL1 promoter, generating pYES2-HbGF14a. This was transfected into Saccharomyces cerevisiae INVSc1. Then pHis-HRT2 and pGAD-HbR-ZFP1 were co-transfected into the INVSc1 yeast clones harboring pYES2-HbGF14a, and the yeast clones were cultured in SD/-Trp/-Leu/-Ura/-His and 70 mM 3-AT medium containing glucose or galactose for 3 d.
Phylogenetic analysis
A total of 29 plant RING zinc finger protein sequences were downloaded from publicly available databases and used to construct a phylogenetic tree (accession numbers can be found in Supplementary Table S2 ). The phylogenetic tree was constructed using the neighbor-joining method with the software MEGA version 7.0 (Kumar et al., 2016) . Bootstrap analysis was performed using 1000 replicates.
Real-time quantitative PCR
Real-time quantitative PCR (qPCR) was performed as described previously , and the primers used for HbRZFP1 are given in Supplementary Table S1 . HbACT7 was used as the internal control in the expression analysis, as recommended previously . qRT-PCR was conducted using the SYBR Premix Taq Kit (TaKaRa, Dalian, China) according to the manufacturer's instructions. Relative expression was calculated using the 2 -ΔΔCt method (Livak and Schmittgen, 2001) . Transcript abundances in different tissues are expressed relative to the level in the roots. Data are presented as means ±SE (n=3).
Subcellular localization and bimolecular fluorescence complementation assays
For subcellular localization, the complete ORF of HbRZFP1, which contained the Bgl II/Spe I site, was amplified by PCR (for primers see Supplementary Table S1 ). The PCR products were ligated into the pCAMBIA1302 vector at the site of Bgl II/Spe I, generating CaMV35S::HbRZFP1-GFP. CaMV35S::HbRZFP1-GFP and pCAM-BIA1302 were transformed into onion epidermal cells via Agrobacteriummediated transformation. The introduced cells were cultured on Murashige and Skoog (MS) medium in darkness at 25 °C for 24 h and then visualized using a Leica confocal microscope.
For bimolecular fluorescence complementation (BiFC) assays, full-length cDNA for HbRZFP1 or T137A and HbGF14a were introduced to the BiFC vectors pspYCE-YN or pspYCE-YC as described previously . The plasmid constructs were transformed into A. tumefaciens strain GV3101 via electroporation. Agrobacterium harboring HbRZFP1 or T137A and HbGF14a were mixed 1:1, co-transformed into onion epidermal cells by infiltration, and transient expression was monitored for 2-3 d after infiltration (Sparkes et al., 2006) . Imaging of yellow fluorescent protein (YFP) was performed using a Leica confocal microscope.
In vitro pull-down analysis of protein-protein interactions
ORFs of HbGF14a and HbRZFP1 were cloned into the pET28a and pGEX-6P-1 vectors, respectively. HbGF14a-His-tagged and HbRZFP1-GST-tagged protein were expressed in Escherichia coli BL21 (DE3) and purified with a HiTrap affinity column (GE Healthcare) and GSTBind column (Merck) according to the manufacturers' instructions. In vitro binding assays were performed as follows. HbRZFP1-GST and HbGF14a-His were incubated with 20 ml of Glutathione-Sepharose 4B (GE Healthcare) in 400 ml of a binding buffer containing 25 mM MOPSNaOH, pH 7, 25 mM NaCl, 0.05% (v/v) β-mercaptoethanol, 0.1% (v/v) Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and 0.5 mM CaCl 2 at 4 °C for 30 min and loaded on a GST-Bind column that had been washed with the binding buffer. Proteins binding to the beads were resolved by SDS-PAGE and immunoblot analysis with an anti-His or anti-GST antibody. Polyhistidine-tagged HbGF14a was purified from expressing E. coli DE3 strains and used as a loading control.
Electrophoretic mobility shift assay
Electrophoretic mobility shift assay (EMSA) kits were used (Invitrogen, USA) according to the manufacturer's instructions. The DNA-protein binding reaction was performed by incubating purified HbRZFP1 with doublestranded HRT2 promoter nucleotides at room temperature for 30 min, and then analysed by polyacrylamide gel electrophoresis. The gel was stained with SYBR Green EMSA stain for visualizing DNA, and the same gel was stained with SYPRO Ruby EMSA stain for monitoring proteins.
Analysis of HbGF14a regulation of HRT2 through HbRZFP1
The HRT2 promoter was cloned into the pGreenII 0800-LUC vector, generating pGreen-HRT2. HbRZFP1 or HbGF14a was inserted pCAMBIA1302 at the site of Nco I/Pml I to replace mGFP5, generating p1302-HbRZFP1 or p1302-HbGF14a. pCAMBIA1302 was used as the effector vector control. pGreen-HRT2, p1302-HbRZFP1, and p1302-HbGF14a were introduced into A. tumefaciens GV3101. The Agrobacterium strain harbouring pGreen-HRT2 was mixed with the one harbouring p1302-HbRZFP1, or the ones harbouring p1302-HbRZFP1 and p1302-HbGF14a in volume ratios of 1:2 or 1:2:2. The Agrobacterium mixtures were infiltrated into the abaxial side of tobacco leaves. After culturing for 3 d, total protein was extracted from the infected area. The fluorescent values of LUC and the reference REN luciferase were detected. Three biological repeats were measured. Data were analysed by one-way ANOVA (SAS6.11). Differences were accepted as significant at P≤0.05.
Accession numbers
Sequence data for HRT2, , and HbRZFP1 can be found in the NCBI database (www.ncbi.nlm.nih.gov) under XM021828934, AY221983, and JF708074, respectively.
Results
5´UTR intron-mediated suppression of HRT2 expression
To characterize the expression of HRT2, a 1136-bp promoter region was cloned and characterized (see Supplementary Table  S3 ). Comparison of the cDNA sequence (Asawatreratanakul et al., 2003) with genomic sequences revealed (Tang et al., 2016) that the 5´-untranslated region (5´UTR) of HRT2 was interrupted by a 576-bp intron (see Supplementary Data S1). To investigate the possible involvement of the 5´UTR intron in the regulation of expression of HRT2, a series of expression cassettes with truncated promoter fragments and a luciferase (LUC) reporter gene were generated (Fig. 1A) . Compared with the LUC expression mediated by the 1136-bp HRT2 promoter (P1), plants transformed with the HRT2 promoter missing its intron (P3) showed significantly increased expression (3.0-fold), and plants transformed with constructs (P4) also showed significantly increased expression over P2 (2.6-fold) (Fig. 1B) . These results suggest that the 5´UTR intron of the HRT2 promoter suppressed the expression of HRT2.
A RING zinc finger protein interacts with the HRT2 promoter
In order to further understand the transcriptional regulatory mechanism of HRT2, we performed Y1H experiments to screen transcription factors from the rubber tree latex cDNA library using the HRT2 promoter as bait. A total of 52 transformants were obtained and 32 positive colonies were then obtained after re-streaking the primary positive colonies on the same selective medium. These colonies were analysed by plasmid rescue followed by sequence analysis. Finally, 20 plasmids were obtained, sequenced, and BLAST-searched against GenBank. One cDNA encoding a RING zinc finger protein, designated as HbRZFP1, was isolated. The amino acid sequence of HbRZFP1 deduced from the cDNA sequence reveals an ORF of 156 amino acid residues encoding a protein of 17.2 kD molecular mass. The HbRZFP1 protein has a putative 'RING zinc finger' domain ( Fig. 2A) , and it was clustered into the RING H2 subgroup in the phylogenetic tree (Fig. 2B) . The binding specificity of HbRZFP1 with the HRT2 promoter was then determined by a one-to-one interaction analysis (Fig. 2C) , and was further confirmed by an in vitro EMSA assay (Fig. 2D) . The nuclear localization of HbRZFP1 was consistent with its predicted function as a transcription factor (Fig. 2E) .
Expression analysis of HbRZFPs
Three genes (designated as HbRZFP1-3) encoding the RING zinc finger protein were identified using our previously obtained transcriptome database of the rubber tree laticifer cells and the public rubber tree genome database (Li et al., 2016; Tang et al., 2016) . We investigated the detailed expression patterns of HbRZFPs in various tissues of rubber tree. As shown in Fig. 3 , HbRZFPs were expressed in all the tissues that were tested, with HbRZFP1 being the most abundantly expressed throughout, particularly in the latex.
HbRZFP1 interacts with a 14-3-3 protein
We performed Y2H assays to identify possible HbRZFP1 interactions with various factors involved in regulation of the expression of HRT2 in rubber tree. A total of 12 confirmed positive clones were obtained, all showing strong expression of α-galactosidase. Six of them were different clones encoding HbGF14a. Ten 14-3-3 genes have been identified in rubber tree . HbGF14a was expressed in all tested tissues and showed high levels of transcript abundance in latex but low levels in other tissues. HbGF14a is known to be predominantly localized in the cytoplasm . The interaction activity of HbRZFP1 and HbGF14a was examined using Y2H assays (Fig. 4A) and by quantifying the levels of α-galactosidase (Fig. 4B) . The interaction of HbRZFP1 and HbGF14a was also confirmed in planta by BiFC assays (Fig. 4C) , and it was further analysed by in vitro pull-down assays (Fig. 4D ). These results demonstrate that HbGF14a has a specific interaction with HbRZFP1.
HbGF14a interacts with HbRZFP1 through a conserved α7-α8 domain
14-3-3 proteins have 9 or 10 alpha helices and usually form homo-and/or hetero-dimer interactions along their aminotermini helices (Jones et al., 1995) . To determine the proteinbinding domain of HbGF14a with HbRZFP1, a series of truncated derivatives of HbGF14a (M1-M5) was constructed (Fig. 5A) . In yeast cells, HbRZFP1 could interact with constructs M2, M4, and the wild-type (WT), while interaction with M1, M2, and M5 was abolished (Fig. 5B) . These data suggest that the α7-α8 domain in the N-terminal region plays an important role in HbGF14a binding with HbRZFP1.
HbRZFP1 interacts with HbGF14a through the RKVTCP motif
The interaction between a 14-3-3 protein and its client protein involves the binding of 14-3-3 with phosphoserine/phosphothreonine residues in the client protein. RXX(pS/pT)XP is one classical 14-3-3 protein binding motif (Johnson et al., 2010) . The RING-H2 motif in HbRZFP1 at amino acid residues 129-141 in the RKVTCP motif contains the amino acid residue threonine at position 137 (T137) that is potentially phosphorylated. To determine whether this is critical for the interaction between HbRZFP1 and HbGF14a, a mutant variant of HbRZFP1 was created where T137 was changed to alanine (T137A) (Fig. 6A) . Interestingly, T137A abolished the interaction with HbGF14a in the Y2H assay (Fig. 6B) , and the same result was seen in planta using the BiFC assay (Fig. 6C) . The data indicate that the HbRZFP1-HbGF14a interaction depends on the consensus binding site that requires phosphorylation of the conserved Ter-137 residue of the RING-H2 motif. 
HbRZFP1 interacts with the HRT2 promoter through the RING-H2 motif
To determine the protein-DNA binding domain of HbRZFP1 with the HRT2 promoter, a series of derivatives of HbRZFP1 were constructed (Fig. 7A) . The construct H2 (99-142 aa), the WT, and T137A could interact with the HRT2 promoter in yeast cells, whilst interaction with H1 (1-98 aa) and H3 (143-156) was abolished (Fig. 7B) . These results show that the RING-H2 motif plays important role in HbRZFP1 binding with the HRT2 promoter.
HbGF14a relieves HbRZFP1-mediated inhibition of transcription
To determine whether HbRZFP1 activates the HRT2 promoter in planta, a dual-luciferase assay system was employed. The full-length cDNA for HbRZFP1 was cloned into pCAMBIA1302 as the effector construct and the HRT2 promoter was cloned into the pGreenII 0800-LUC vector to generate the reporter construct (Fig. 8A) . The level of luciferase activity controlled by the HRT2 promoter was elevated when HbRZFP1 and HbGF14a were expressed together, but it was significantly suppressed by HbRZFP1 expressed alone. The activation of the HRT2 promoter was not significantly changed by expression of HbGF14a alone (Fig. 8B) . These results indicate that HbRZFP1 suppresses the transcription of the HRT2 promoter in vivo, and that HbGF14a interacts with HbRZFP1 to relieve HbRZFP1-mediated inhibition of transcription.
HbGF14a represses the protein-DNA binding of HbRZFP1 with the HRT2 promoter
Saccharomyces cerevisiae INVSc1 is a diploid strain that is auxotrophic for histidine, leucine, tryptophan, and uracil and it will not grow in minimal medium that is deficient in these amino acids. In INVSc1 transcription from the GAL1 promoter is repressed in the presence of glucose and induced by removing glucose and adding galactose as a carbon source (Giniger et al., 1985) . The expression of HbGF14a controlled by the GAL1 promoter was suppressed on medium containing glucose and enhanced on medium containing galactose. After pHis-HRT2 and pGAD-HbRZFP1, or T137A and pGAL1-HbGF14a were co-transfected into the INVSc1 yeast clones, HbRZFP1 and T137A could interact with the HRT2 promoter on minimal medium containing glucose. HbRZFP1 interaction with the HRT2 promoter was abolished whilst T137A could interact with it in yeast cells on minimal medium containing galactose (Fig. 8C) . We therefore speculate that HbGF14a interacts with HbRZFP1 to repress the protein-DNA binding of HbRZFP1 with the HRT2 promoter.
Discussion
Rubber production appears to be polyphyletic in origin, and similar mechanisms and underlying enzymes have been identified in all rubber-producing plants investigated so far (Cornish and Backhaus, 1990; Sando et al., 2008) . However, neither the detailed molecular mechanism of rubber biosynthesis nor the precise biological function of latex and natural rubber are completely understood (Tang et al., 2016; Yamashita et al., 2016) .
Although RTase has been reported previously to be bound to rubber particles (Light and Dennis, 1989; d'Auzac et al., 1997; Asawatreratanakul et al., 2003; Takahashi et al., 2012) , the precise regulation mechanisms of the RTase gene in H. brasiliensis are not yet well understood. In this study, we identified HbRZFP1 as suppressing HRT2 expression, and demonstrated that it is a RING zinc finger protein transcription factor that regulates expression of HRT2. Co-transfection analysis confirmed that HbRZFP1 is a DNA-binding protein that interacts with the HRT2 promoter and suppresses gene expression. Zinc finger proteins are one of the most abundant types of transcription factors in eukaryotic genomes. Zinc fingers are structurally composed of multiple cysteines and/or histidines, and zinc ions play an important role in the stability of the protein itself (Berg and Shi, 1996; Wu et al., 2014) . The RING domain of RING finger proteins, which are members of the zinc finger family, was first identified as a DNA-binding motif in the transcription factor TFIIIA from Xenopus laevis (Berg and Shi, 1996) . In addition to DNA, RING domains also bind RNA, protein, or lipid substrates. The RING motif is relatively small and consists of four pairs of ligands that bind two ions (Stone et al., 2005) . C3HC4-type RING finger proteins are involved in numerous cellular processes, including transcription, signal transduction, and recombination (Gao et al., 2011) . Functions attributed to the RING domain itself include protein-protein interactions and ubiquitination (Wu et al., 2014) . Most RING finger proteins are E3 ubiquitin ligases that mediate the transfer of ubiquitin to target proteins and play important roles in diverse aspects of cellular regulation in plants (Ciechanover, 1998) . In this study, we identified the RING motif in HbRZFP1 as binding to the HRT2 promoter. Plant 14-3-3 proteins (hereafter abbreviated to 14-3-3s) are phosphopeptide-binding proteins and they regulate a wide variety of biological processes, such as biotic/abiotic stress responses, development, signal transduction, primary metabolism, protein trafficking, and regulation of ion channel activity (Denison et al., 2011) ; however, knowledge about the function of 14-3-3s in natural rubber metabolism in H. brasiliensis is sparse. 14-3-3s serve to complete the phosphorylation-based, signal-induced changes in their client proteins, and the binding of 14-3-3s finalizes the signaling event by enabling a change in client localization, conformation, activity, or the association of the client within a larger protein complex (Roberts, 2003; Paul et al., 2012) . Important mechanisms of regulation by 14-3-3s include shuttling proteins between different cellular locations and acting as scaffolds for the assembly of larger signalling complexes (Roberts, 2003) . 14-3-3 proteins are now implicated in several different mechanisms of transcriptional regulation in plants (Paul et al., 2012) . Plant 14-3-3 proteins bind a range of transcription factors, and have roles regulating plant development and stress responses (Denison et al., 2011) . At the broadest level of control, 14-3-3s from Arabidopsis have been shown to bind the general transcription factor TFIIB and the TATA box-binding protein TBP, both factors involved in recruitment of specific regulatory factors to promoters (Wilson et al., 2016) . The interaction of SGF14-GmMYB176 regulates the intracellular localization of GmMYB176, thereby affecting isoflavonoid biosynthesis in soybean (Li et al., 2012) . As well as demonstrating that HbRZFP1 is a RING zinc finger protein transcription factor that regulates HRT2, we have also shown that it interacts with a 14-3-3 protein. Two consensus 14-3-3 binding motifs, RSXpSXP and RXY/FXpSXP, where X is any amino acid, have been reported (Johnson et al., 2010 , Paul et al., 2012 . The 14-3-3 binding site in HbRZFP1 is a good match for the RSXpSXP motif. The T137 mutation in HbRZFP1 abolished its interaction with HbGF14a in yeast, suggesting that the HbGF14a protein binds with HbRZFP1 through the consensus binding site that requires phosphorylation of the T137 residue. It was determined that HbRZFP1 interacts with the HRT2 promoter through the RING H2 motif. HbGF14a could compete the protein-DNA binding motif of HbRZFP1 with the HRT2 promoter. Thus, we hypothesize that a regulatory mechanism exists by which the binding of HbGF14a to HbRZFP1 interferes with the interaction of HbRZFP11 with the HRT2 promoter, thereby repressing the protein-DNA binding of HbRZFP1 with the HRT2 promoter (Fig. 9) .
Taken together, our results demonstrate that HbRZFP1 expression leads to suppression of HRT2 expression. These findings imply that HbRZFP1 may be a negative transcription regulator of HRT2 that is involved in natural rubber biosynthesis in H. brasiliensis. In addition, the presence of another factor in rubber tree, possibly the 14-3-3 protein HbGF14a, may be sufficient to activate natural rubber biosynthesis. These findings could be used for targeted manipulation of natural rubber biosynthesis to improve production.
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